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NACA RM L53D30
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

CALCULATION OF AERODYNAMIC FORCES ON AN
INCLINED I’AL-ROTATING PROPELLER

By John L. Crigler and Jean Gilman, Jr.
SUMMARY

A method 1is hereln presented for calculating the serodynamic forces
on the blades of a dusl-rotating propeller which has 1ts thrust axis
inclined to the alr stream. This method makes use of Theodorsen's pro-
peller theory for the calculation of the serodynamic forces on the pro-
peller blade. At any particular blasde station and blade position the
instantaneous flow field 1s presumed to be a steady-state condition for
the whole propeller. Application of the method involves the use of two-
dimensional airfoil charscteristics as determined in a steady flow.

Calculations were masde for an 8-blade NACA 8.75-(5)(05)-037 dual-
rotating propeller operating at advance ratios of 1.20 and 3.25 for
flight Mach numbers of 0.30 and 0.623, respectively. The thrust axis
angle is 4° in both cases. Results of the calculations show that, in
general, the fluctuations in serodynamic forces on the front component
are greater than the fluctuations In forces on the rear component. Com-
parisons with the forces on a single-rotating propeller show that the
magnitude of the fluctuating forces on the front compone. of a dusl-
rotating propeller is of the same order as the forces occurring on a

single propeller operating at the same advance ratlo, blade-angle setting,

and inclination of the thrust axis.

Inasmuch as the front component of a dusl-rotating propeller under-
goes about the same variation in thrust coefficilents as would & single-
rotating propeller, the fact that smaller variations are encountered on

the rear blades means that the one-cycle-per-revolution vibration problem
for a pltched or yawed dual-rotating propeller is no more sericus than for

the single-rotating propeller.
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INTRODUCTION

In reference 1 the magnitude of the aerodynamic forces on a single-
rotating propeller in pitch or yaw was calculated under the assumption
that the existing propeller theory msy be used as though steasdy-state
conditions existed successlively at several angulsr positions of the pro-
peller blade during one revolution. The method msde use of the ususl
steady-state compressible-airfoll characteristics with Goldstein correc-
tion factors for s finite number of blades. The calculated results were
compared with experimental dsta tsken from & pitched propeller installa-
tion. The magnitude of the serodynemic forces on the propellexr blade
calculated from the steady-state method was found to be in good agree-
ment with the experimental dsts although there was some lag in the forces
as shown by the experimentel dsta. Further calculations based on the
theory of oscilleting airfoils in a pulsating flow (ref. 2) showed that
the lag in air forces found in the experiments could be predicted.

The procedure followed for the case of the single-rotating propeller
is inadequate in the dual caese. In addition to the unsteady flow in the
propeller plane caused by pitch or yaw, the effect of the flow fleld of
each component on the other component for each position of the blade must
be considered. In the case of the dual-rotating propeller the flow field
of each component has been considered in meking calculations of the forces
on both components of a dusl-rotating propeller In an effort to predict
the magnitude of the differences in forces on the front and rear compo-
nents. In view of the good sgreement obtained in the case of the single-
rotating propelier, it was assumed that steady-state conditions existed
successively at the angular positions of the dual-rotasting propeller
during each revolution.

The oscillating air forces on the propeller bledes cause vibratory
stresses having a frequency of one per revolution. In this report the
alr forces are determined for each component of the dusl-rotating pro-~
peller in an effort to determine the relative severity of the one-cycle-
per-revolution vibration problem on the two components and to make a
comparison with one component of the dual-rotating propelier when
operating as a single propeller.

SYMBOLS

B number of blades
b chord of propeller-blade element, £t

cq section drag coefficient
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cy section 1ift coefficient

c13 design 1ift coefficlent

Cp thrust coefficient, T/pn2DY

D propelier diameter, £t

9z element thrust coefficlent, /%%

dx on2pl

h blade-section maximum thickness, £t

J advance ratio, V/nD

K(x) circulation function

M Mach number of advance

n propeller rotational speed, rps

R tip radius, ft

r radius to any blade element, ft

T thrust, 1b

t time, sec

v velocity of advance, f£t/sec

W resultant velocity at blade sectilon, ft/sec
Wo geometric resultant velocity, ft/sec

W rearward displacement velocity of helicel vortex sheet
w velocity ratioc w/V cos ap

x radisl locatlion of blade element, r/R

o angle of attack, deg

op angle of Inclination of propeller thrust axls, deg
B blade angle, deg
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¥y = ten~l E%
1
K mass-flow coefficient, E‘J; K(;)x ax
o] mass density of air, slugs/cu £t
o solidity, Bb/2rr
oCy propeller-element load coefficient
¢ serodynamic helix angle, deg
%o geometric helix engle, deg
w engular velocity of propeller, 2mn, radians/sec
Subscripts:
F front
R rear
S front component of a duasl-rotating propeller operating as a
single-rotating propeller
wb denotes angular position of blade required to give instantaneocus

values, deg

AERODYNAMICS OF THE INCLINED PROPELLER

The Velocity Diagram

The veloclty diagram for a blade sectlon of a single-rotating
inclined propeller 1s discussed 1n reference 1. This diagram is repro-
duced herein as figure 1. The convention adopted In reference 1 was to
consider the time variable t, which defines the angular position of
the blade, to be zero when the blade 1s initially verticslly upward with
the propeller axis in positive pitch and measured in the direction of
rotation (the axes used in defining the blade position may be rotated
to comply with propeller attitudes other than pitch).
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From figure 1, the geometric helix sngle is given by

V cos ap
wDXx + V sin ap sin at

(¢O)wt = ta.n—l

or

cos aT'
nx (l)

T+ sinaT sin wt

(¢°)mt = tan™L

The resultant velocity is given by

(w°)am = d;ecosaaT + (ﬂan + V sin ap sin am)e (2)
The local advance ratic 1s given by

J(Dt _ X Cos GT (3)

X
—J—+ sin ap sin at

From equation (3) the local advance ratio is seen to vary, the amount of
variation depending on the position of the blade. In making steady-state
calculations of the forces and moments on the blade of g single-rotating
pitched propeller in reference 1, a change in blade position was treated
as a change in operating V/nD in accordance with equation (3). For the
single-rotating propeller the solution is adequate when the calculations
are based on the local geametric helix angle inasmuch as complete calcu-
lations were made as though the entire propeller operated successively

at the different blade positions snd the Induced effects were incorporated
in each calculation.

The veloclty dlagram for the blade sections of a dual-rotating pro-
peller showing the effect of the Induced flow of each component on the
other component is glven in figure 2. This dlagram is reproduced from
reference 3.

For inclined dusl-rotating propellers the alteration to the geometric
velocity field due to oscillating velocitles for the front propeller unit
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1s similar to the alteration for single-rotating propellers, that 1s,

san (f V cos ag
an =
( Ous:) 7 mmDx + V sin aqp sin at

cos
' (1)
+ sin agp sin st

x
J

The rear propeller is of opposite rotation snd, in order to make use of
the same reference sxes for measuring the blade~position angle as is
used for the front propeller, 1t is convenlent to write

¢ V cos O
tan =
( O“m)R mDx - V sin ap sin ot

- cos G (5)

%? - s8in ap sin at

This reversal of sign for the front- and rear~propeller wnits 1is used
throughout the development of the equations for the serocdynamic helix
angles and element loading coefficients.

In addition to the alteration to the geometric velocity field for
the dusl-rotatling propeller, it is necessary to consider the influence
of the velocity field of each component of the propeller on the other
component before performance calculations can be made. Theodorsen's
propeller theory was used to determine the flow fleld of each component
due to the other component. Admittedly, this method has the defect that
it was developed for the idealized case in which the two components have
the same load distributlion and equsl power absorption. However, 1if it
1s assumed that the mass-flow coefficient and the circulation functions
for a given number of blades apply for nonoptimum distribution, the method
with these assumptions gives a close approximstion to the flow field
since both of these functions are primarily dependent on the geometric
helix angle and show only smell variations with loading for a given
geometric helix angle and blade number. This dual-rotating-propeller
case 1ls analogous to the use of Goldsteln functlions for the several blede
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positions in the case of single-rotating propellers as developed in
reference 1. The interference velocities for the dumsl-rotating propeller
and the effect of each component on the flow fleld of the other component
are shown 1ln reference 3. Since the front and rear components of the
duel-rotating propeller are unequally loaded for each phase angle snd
the loading changes with a chenge in phase angle, it is necessary to
make successilve approximations to the mass-flow coefficient xk and to
the displacement velocity w for each phase angle calculated.

Method of Calculation
The resultant velocity, the serodynamic helix angle, and the element

loading coefficlent for & radial station of an optimm dual-rotating
propeller are given in reference 3 as

Wp = ?h;—(l + o sin2¢0) (6)
Wy = -s_iz:’—qso(l + % KT sin2¢o) (7)
ta.n¢F=f;E+%Tr(1+%ntan2¢j (8)
tan¢R=;i—E+%?(l—%ntan29§ (9)

(UCI)F _J (L + V)W sin @oK(x) (20)

1+ % kW sin2@,

(UCZ)R _ _I;T; (1 + ¥)¥ sin g, K(x) (11)
142 67 sin®g
L (o]
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where

tan ¢ = :tx(l-'-%w) (12)

A method of applylng Theodorsen's propeller theory to the calcula-
tion of the serodynamic forces on the propeller blade for nonideal dual-
rotating propellers is described in reference 4. The method essentially
consists of solving for local values of W along the blade by a method
of cross-plotting by using equations (8) to (12).

The method, as developed in reference 4, has been found to be satis-
factory when the loading on the two components of the propeller 1s close
1o the same but should not be used when the difference in loading becomes
large. Consequently, the changes developed in the present report have been
incorporated in the addenda to reference 4. The method, as developed
herein, shows good asgreement with experimental data even for large dif-
ferences in loadings on the two components of the propeller as shown in
the addends of reference 4.

For inclined dusl-rotating propellers the propeller-performance egua-
tions require modification to account for the oscillating velocities. The
resultant velocity, the aerodynamic helix angle, and the element loading
as modified are given to a first approximation for the front components by

(th)F = ————(l + -)J.‘—t "ast_‘?wt sin2¢owt) (15)

V cos Qi
= -1
(¢0)“¢F ten mmDx + V sin ap sin wh (14)
cos O |l + 2 W (1+£ tan2@
Cap 5 “ust 5 "wt AV (
= 15)

on(ft) =

%% + sin op sin wt

o



27

NACA RM L53D30 Ay 3

Where
~
W
Vit = ot
V cos am
- (26)
v 1 LX-
cos Qup + 5 Wit
tan ¢wt =
mDx + V sin ap sin at
w,

The effect of the inclined thrust axis on a dual-rotating propeller is
seen to be the same as rotating the two components at unequal speeds.
Equations for the rear component are ocbtained by & simllar modification.

In calculating propeller characteristics by Theodorsen's theory as
applied in reference % the aversge axisl interference veloclty «w was
assumed to be equally due to each of the two components. When the
loading is not the same on the front and rear components, or effectively,
the rotationsl speeds are unequal, as In the present case, the inter-
ference velocity will not be equally due to each component and may be
looked upon as broken into two unequal parts (ww)F and (ww)gy where

the average axial interference velocity in the filnal wake 1is
(ww)p + (kw)R

2
to the interference velocity that would be obtalned in the finsl wake

if the loading on the rear component were equal to the loading on the
front component of a dual-rotating propeller. Similarly, (nw)R refers
to the interference veloclty that would be obtained if tl.. loading on
the front component were equal to the loading on the rear component of
a dual-rotating propeller. Thus, when the two components are equsally
loaded and of opposite rotation, the interference velocity is equally
due to each component and kW = (kW)p = (kw)g.

KW

but (kw)p # (kw)g. The expression (xw)p refers

In the solution the Ilnterference velocity associated with each
component will result in different values of ¢a¢ for the two components

of the propeller. The values of W and wp are first calculated

separately Just as though each component operates in the presence of
enother component equally and oppositely loaded. The method 1s equiv-
alent to assuming that ideal functions apply to nonoptimum loadings and
ideal values of k and K(x) are used. This practice has been generslly
successful 1In single-rotating propellers where Goldstein's tip correc-
tion factors are used for nonoptimum loadings. In the solution it is
adequate to replace ¢ by ¢°F or ¢°R in the induced velocities.

Equations (13) and (15) as modified now become
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(rw) g + (kW)
B V cos O‘T l— wty ast;_]
Moty = sin(¢o)wt, TR Bina( o) whbp ()
tan($) g = e P+ 3 g * Py w02 D (18)
“F IX + sin ap sin wt
J
where
l ——
ta.n(¢)wtl :::B aT(l - wwa) (19)

-:T—-+ sin ap sin wt

Similerly, for the rear propeller with due regard to the reversal in
sign because of opposite rotation in obtaining the aerodynamic helix
angle,

_ V cos Qq 1 (K;)th + (K‘-\')th
Yot T Py mn| ¢ > 12%(%0) g

%‘-(nﬁ)wa sin2(¢o)th

_ V cos ap 1 o 5, = 1; —
Wotn = m 1+ 3 sin (%)mtg[ﬂ("“)wtﬁ' + E(W)wtg} (20)

B I
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and
cos Q:TE. + %‘- ?th - %( rc'ir')th tan2¢cutl + %( nﬁ')th ta.n2¢wt2:]
ta.n(¢)th = :
IX _ sin ap sin wt (
21)
where
cos 1+1%
Gr 2 wtR
tan ¢wb2 = — (22)

T-sinO:T sin wt

It can be seen that, for equal loadings on the front and rear compo-
nents where (sw)p = (wW)g, equations (17), (18), (20), and (21) reduce

to the same form as in reference 3.

The element loadling cocefficlient as modified for the inclined dual-
rotating propeller 1is

cOs aTKl + ?th)?th sin(¢o)thK(x)mF]

%l - — (23)
wat + met
nx 1 F R 2
(T + sin ap sin wt) 1+ E( > )sin (¢o)th
V+w =
where E{(x)aj;_]F is besed on =5 = nX ta.n(Q')o)th(l + wth) for the

front component and

cos aT(l + '\—rth)ﬁth sin.(éo)athK(x)mR

—_ 1, —
(% - sin aq sin cut) 1+ % sin® P U“RE(W)@F + H( "W)wt1;|}

(24)

where E{(x)ma g 1s based on nx tan(¢o) ath(l + Fth) for the rear
component. Finally, the thrust equation 1s given by

Wil

(cc 1)th =
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aT = %pwaBb(cz cos §§ - cg sin @)ar (25)

By definitiocn,

therefore, equation (25) may be reduced to

2
g—;TZ = lt_i_ xpwzocl cos #(1 - tan y ten @) (26)

By substituting the value of W from equation (17) and replacing ¢
by the value of ¢“’tF and dividing both sides by pneDh' the thrust

equation for the front component in coefficlent form is reduced to

2
() gt bl e BN IR
dx wty L3 sin2(¢o)th h 2 et
(crcz)(HbF °°s(¢)waE - tan(¢)th tan 705,;];] (27)
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Similarly, for the rear component

2
—— = —_—— ¢ ] = 2 ‘2 _.l
( CT) _E_’fx ( T + 1 sin (¢O) (KW) } + (KW) |

(°°l)am3 cos(¢)a¢R[§ - tan(¢)amR tan 7¢¢é] (28)

RESULTS OF SAMPLE CALCULATIONS

Calculations of the elemental-thrust variations have been made for
an 8.75-foot-diameter 8-blade dual-rotating propeller having an
NACA 8.75-(5)(05)-037 blsde design. Blade-form curves for this propeller
are given in figure 3. NACA 1l6-series airfoll dats sppropriaste to the
various sectlon Mach numbers encountered in msking the calculatlions were
interpolated from reference 5.

In order to Include the effect of advance ratic on the fluctuating-
forces calculations were made for both a low advance ratio (J = 1.2) and
for a relatively high advance ratioc {J = 3.25). The thrust axis angle

vas maintained constant at 4°. This esngle was selected as being
large enough to show significant effects of inclination on the fluctusting
forces but not so large as to create blade-sectlon angles of attack in
the stalled range where alrfoll data are usually unavalilable for msking
the calculations. For the low-speed case (J = 1.2) the flight Mach
number is 0.30. The blade-angle settings are BFO.TR = 32.41° and

BRO R = 31.53°. For the high-speed case (J = 3.25), the flight Mach
number is 0.623. The blede-angle settings are Bf, R = 57.69° and
BRO R = 56.15°. In either case the blade-angle settings used would

glve equsl power absorption on the front and resr components with Qp = a°.

Figures 4 and 5 show typlcal results for several radlal stations inves-
tigated for J =1.2 and J = 3.25, respectively. Instantaneous values
of CThWF R as a function of wt are shown in figures 6 and 7 for

2

Jd=1.2 and J = 3.25, respectively. The elemental-thrust coefficients
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for the front component of the dual-rotating propeller opersting as g
single-rotating propeller at the same J, g, and Bo TR were calcu-

lated by the method given in reference 1 for one condition in order to
give a comparison of the difference in forces on a single- gnd dusli-
rotating propeller. These results (for J = 3.25) are included in fig-
ure 5 snd the integrated values showing the variation of the instantanecus
thrust coefficient Cg . are shown in figure 7.

Both the elemental-thrust coefficlents for the various radial sta-~
tions plotted as a function of angular blade position (figs. 4 and 5)
and the integreted thrust (figs. 6 and 7) show that the difference between
the meximum and minimum forces, shown by the fluctuations in thrust coef-
ficlents, 1s greater on the front component than on the rear component
of a dusl propeller. The fluctuations in thrust coefficients on the
front component of a dual propeller, due to pltched operation, differ
only slightly from the fluctuations in thrust coefficlents on a single-
rotating propeller operating at the same J, Clrs and blade-angle setting.

- f - = .
The value of Qanut=90° CTE¢=2TO°)F or the low-speed case (J = 1.2,

fig. 6) 1s 0.0420 for the front propeller and 1s 13 percent higher than
the value of (cT $E=2T00 " cht:goO)R of 0.0373 for the rear propeller.

A similer comparison for the high-speed case (J = 3.25, fig. 7) gives a
- £ O.
value of Q&th=9oo Cth=270°)F o 216 which is 28 percent higher

than the value of (C - of 0.168 for the rear pro-
Tut=p700 ~ Tast=90°)R P

peller. The comparison of the fluctuation in forces of the front
component of the dual-rotating propeller with the single-rotating pro-
peller would be expected to show about the same variations since the
velocity field of the front component 1s affected by the average axial-
interference veloclity only of the resr component which is, in general,
rather small. The rear component 1s affected by the axlial- and rotational-
interference velocities of the front component, but the rotational-
interference velocity tends to decrease the magnitude of the fluctuating
forces on the rear component compared with the front component. Inasmuch
as the rotational 1nterference velocltles Increase with an incresse in
operating J, the fluctuating forces on the rear component decrease
compared with the forces on the front component.

This discussion is only intended to apply to the oscilleting ailr
forces on the blades that cause vibratory stresses having a frequency
of one per revolution. Other effects such as blade passage and effects
of blade structure are not within the scope of this paper.
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SUMMARY QF RESULTS

A method is herein presented for calculating the fluctuating aero-
dynsmic forces on pitched or yawed dusl-rotating propellers. Typical
examples have indicated the following results:

1. Comparison of the fluctuating aserodynsmic forces due to pitched
or yawed operation of a duasl-rotating propeller show that, in general,
the fluctuation in forces on the front component are greater then the
fluctuation in forces on the rear camponent.

2. The differences in the magnitude of the fluctuating forces
increase as the operating advance ratio is increased.

3. The magnitude of the fluctuating forces on the front component
of a dusl-rotating propeller are of the same order as the forces
occurring on a single-rotating propeller operating at the same advance
rgtio, blade-angle setting, and inclination of the thrust axis.

L. The one-cycle-per-revolution vibration problem for the dual-
rotating propeller i1s no more serious than for the single-rotating pro-
peller when operating at the same advance ratio, blade-angle setting,
and inclinstion of the thrust axis.

Langley Aeronautical Leboratory,
National Advisory Committee for Aeronsutilcs,
Langley Fleld, Va.
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Figure 6.- Variation of instentaneous thrust coefficilent (CT mt)F R
with blade position. M = 0.30; J = 1.20; ap = 4O. ’
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